To examine the effects of hydrogen amount-altered biomimetic DLC film, osteoblastic MC3T3-E1 cells and osteoclastic RAW264.7 cells were cultured on titanium (Ti) disks coated with or without DLC including various amount of hydrogen. The amount of hydrogen in DLC film is reduced from 20.9% to 0.8%. Real-time quantitative reverse transcriptase-polymerase chain reaction analysis showed that typeⅠcollagen mRNA in MC3T3-E1 cells cultured on specific hydrogen-containing DLC coated Ti disks was significantly higher than those of control Ti disks. In addition, specific hydrogen-containing DLC coated Ti disks significantly inhibited the expression of TRAP mRNA in RANKL-treated RAW264.7 cells. These results, taken together, suggested that biomimetic DLC altered osteoblast and osteoclast differentiation, which could promise long-term success of implant therapy.
Introduction
The bone/dental implant interface is a pivotal factor to the clinical success of osseointegration defined as a direct structural and functional connection [1, 2] . Bone remodeling is characterized by the dynamic balance between the synthesis of bone matrix by osteoblasts and the resorption of bone components by osteoclasts [3] . The homeostatic bone remodeling occurs throughout life [3] and the bone around dental implant interface is no exception [1, 2] . Maintenance bone remodeling around dental implants requires balanced activities of both osteoblasts and osteoclasts. Accelerated recruitment of osteoblast progenitor cells onto a dental implant surface is an important process for osseointegration acquisition [4] . In addition, a strategy for faster and lifelong maintenance of osseointegration should be controlling osteoclast differentiation at the implant surface after implantation.
Accumulated data on the molecular mechanisms of osteoclast/osteoblast coupling have demonstrated that macrophage colony-stimulating factor, the receptor activator of nuclear factor-kappaB ligand (RANKL) and RANK pathway are essential for osteoclast differentiation and maturation [5] . Osteoclastogenesis is strongly induced by RANKL, which binds to RANK receptors expressed on the surface of osteoclast precursor cells. Additionally, it is known that the primary sources of RANKL are the matured osteoblasts [5] and osteocytes [6] in local bone tissues. Titanium (Ti) is the main material for dental and orthopedic implants known by excellent physical properties, and that it is suiting for acquiring osseointegration easily [7] . Some alternations are given to the Ti surface properties, and technological development to achieve at shortening the period of osseointegration acquisition and success of strong osseointegration is done widely [7] .
Diamond-like carbon (DLC) is widely used in industrial applications including automobile parts with their high wear resistance [8, 9] . It is well known that DLC has a wide composition in a material composed of sp 2 carbon (as in graphite), sp 3 carbon (as in diamond) and hydrogen. Functional groups can also be introduced, using DLC's carbon bonds. Many types of DLC, such as hydrogenated amorphous carbon (a-C:H), tetrahedral amorphous carbon (ta-C), can be deposited by a variety of plasma deposition methods. Recently, we reported that biomimetic DLC-coated disks [10] enhanced expressions of initial osteoblastic differentiation markers: Runx2 and type I collagen in MC3T3-E1 cells (an osteoblastic cell line) in vitro [11] . Furthermore, we examined the effect of biomimetic DLC-coated disks on the differentiation of osteoclast precursor cells, RAW264.7. We found that DLC-coated disks inhibited RANKL-induced osteoclast differentiation in vitro [12] . These reports suggested that biomimetic DLC-coated implant fixtures under optimal conditions should be candidates for bio-protective films to enhance osseointegration and long-term stability of dental implants.
Hence, in the present study, we examined the effects of control and DLC-coated Ti disks including various amount of hydrogen on osteoblast and osteoclast differentiation in vitro.
Materials and methods

Preparation of Ti specimens with DLC coating
DLC coatings were deposited on titanium (Ti) specimens using a pulsed direct current magnetron sputtering system assisted by the inductively-coupled-plasma (ICP) generation or an ionized-assisted deposition of the plasma-enhanced chemical vapor deposition (PECVD) method. The details of the sputtering system are as follows. In order to deposit DLC coatings, the specimens were first degreased using acetone. After loading, the vacuum chamber was evacuated to a base pressure of 1.0×10 -4 Pa. This was followed by argon plasma bombardment under an operating pressure of 0.4 Pa for 5 min at a discharge voltage of -2kV and at a 13.56 MHz radio-frequency (RF) output of 20 W, which helps to remove the oxide layer effectively from the metallic substrates.
To achieve better Table 1 . Technological parameters adhesion between the DLC thin film and the specimen, an interlayer of silicon doped DLC (Si-DLC). During Si-DLC interlayer deposition, tetramethylsilane (Si(CH 3 ) 4 ) gas flow was maintained at 2.0 Pa and the voltage was maintained at -2kV. In order to deposit DLC thin films which varies according to the amount of hydrogen, the process gas were used Ar or hydrocarbon gas (CH 4 , C 2 H 4 ) accomplished by mixing with Ar at an operating pressure around 0.5 Pa. Each hydrocarbon/Ar gas ratio of partial pressure was maintained at 1/9. The hydrogen content was CH 4 /Ar, C 2 H 4 /Ar, Ar, in descending order. DC pulse repetition carried out 200kHz～ 350kHz. The bias voltage was -600V, which was directly applied on the substrate. On the other hand, the PECVD method was described previously [11] . Briefly, in order to deposit hydrogen-rich DLC film, ionized-assisted deposition of the PECVD method was employed. The pressure of the chamber used was adjusted to 0.2 Pa using benzene (C 6 H 6 ) as the operation gas. The maximum electric power of the filament was 300 W, and the bias voltage of the substrate was -2 kV. The technological parameters for preparing the DLC films are also summarized in Table 1 .
Method of measuring hydrogen content of the DLC films are as follows. The elastic recoil detection analysis (ERDA) method was used to measure the hydrogen content in the DLC films. As for the measuring devices, a High-resolution RBS (HRBS-500) Analysis System with a highresolution ERDA made by Kobe Steel, Ltd. was used for ERDA. When measuring the hydrogen content in DLC films by ERDA, N 2 + ions with an energy of 240KeV were incident on a specimen at an angle of 70˚ with respect to the normal to the specimen surface, and scattered hydrogen atoms were detected at an angle of 30˚ using a semiconductor detector. Hydrogen content of the DLC films was based on average value of depth from 3nm to 5nm.
Treated Ti disks are shown in Fig.1 . Treated Ti disks were washed with acetone and ethanol in an ultrasonic bath for 30 min before use. Diameters of the cylindrical Ti disks fit in wells of standard 24-well tissue culture plates [12] . [12, 13] . Briefly, the surface roughness of Ti disks was measured using Surfcorder SE3300 (Kosaka Laboratories, Tokyo, Japan). Surface roughness was measured over a sample length of 15 mm, with at least three measurement points on each Ti disk. A total of three replicated disks were measured, and the average roughness (Ra) ± S. D. of each sample was calculated. The hydrophilicity of the DLC-coated Ti and control Ti disks was assessed by measuring the contact angle of 10 l of deionized-distilled H 2 O (ddH 2 O) placed on the disk. The contact angle of ddH 2 O measured using Simage mini 7 (Excimer, Kanagawa, Japan). The contact angle was measured at room temperature with at least three measurement points on each disk. A total of three replicated disks were measured, and the average contact angle of ddH 2 O (degree) ± S. D. of each sample was calculated.
Cell culture
MC3T3-E1 cell line, established from mouse C57BL/6 calvaria, was purchased from the ECACC. MC3T3-E1 cells were cultured in alpha-minimum essential medium (-MEM) supplemented with an antibiotic mixture (Invitrogen, Tokyo, Japan), 10% Fetal Bovine Serum (FBS; Biological Industries, Haemek, Israel) and 50 g/ml L-ascorbic acid (Sigma, St. Louis, MO).
Murine RAW264.7-type TIB-71 monocytes were cultured in -MEM supplemented with an antibiotic mixture, 10% FBS and 1.5 g/L sodium bicarbonate (Invitrogen). For the differentiation assay, RAW264.7 cells were grown in the presence or absence of 50 ng/ml recombinant soluble murine RANKL (sRANKL, PeproTech, London, UK).
MC3T3-E1 and RAW264.7 cells were maintained at 37°C under 5% CO 2 /95% air. Fig. 1 . A representative photograph of the fabricated Ti disks used in the present study. Untreated-pure Ti disks were used as control specimens (control).
Real-time quantitative reverse transcriptaepolymerase chain reaction (RT-PCR) analysis
Real-time quantitative RT-PCR analyses for osteoblast differentiation marker: type I collagen and osteoclast differentiation markers: tartrate-resistant acid phosphatase (TRAP) and Cathepsin K were performed using Rotor-Gene ™ 6000 (Qiagen, Tokyo, Japan).
MC3T3-E1 cells were seeded onto the surface of Ti disks placed on the bottom of the 24-well plates, at a density of 5.0 × 10 4 cells/well, and maintained for 3, 7 and 14 days. RAW264.7 cells were seeded onto the surface of Ti disks placed on the bottom of the 24-well plates, at a density of 1.0 × 10 4 cells/well, and maintained for 3 days. Total RNAs were isolated from MC3T3-E1 and RAW264.7 cells using Trizol (Invitrogen). First-strand cDNA was synthesized from isolated total RNA (100 ng) with ReverTra Ace (Toyobo, Osaka, Japan). -actin was used as an internal standard to monitor the variability in amplification caused by differences in starting total RNA concentrations. The sequences of the primers and probes (Sigma Genosys, Hokkaido, Japan) used in these analyses are described previously [14] .
Data analysis
One-way analysis-of-variance (ANOVA) and Tukey's multiple range tests were used to analyze differences between the average values of the groups.
Result
Surface characteristic of control and DLC-coated Ti disks
The results of analysis of the Ti disk surface roughness are shown in Fig.2 . There was no significant difference in the surface roughness Ra among the each condition disks (P > 0.05) (Fig.2A) . Similarly, there was no significant difference in the contact angles of ddH 2 O for surfaces among the each condition disks (P > 0.05) (Fig.2B) 3.2. Effect of control and DLC-coated disks on type I collagen mRNA expression levels in MC3T3-E1 cells
The effect of DLC-coated Ti disks on osteoblast differentiation was examined with the MC3T3-E1 osteoblastic cell line. Expression of osteoblast differentiation marker, type I collagen was analyzed to evaluate the differentiation of MC3T3-E1 cells cultured on control and DLC-coated Ti disks for 3, 7 and 14 days. Real-time quantitative RT-PCR showed that DLC-coated Ti disks including 17.8 % hydrogen significantly accelerated the expression of type I collagen mRNA compared with control Ti disks (P < 0.05) (Fig.3, day7 and day14 ).
3.3. Effects of control and DLC-coated Ti disks on TRAP and cathepsin K mRNA expression levels in RAW264.7 cells exposed to sRANKL
The effect of DLC-coated Ti disks on osteoclast differentiation was examined with the RAW264.7 pre-osteoclastic cell line. Expression of osteoclast-specific markers, i.e. TRAP and cathepsinK were analyzed to evaluate the differentiation of RAW264.7 cells cultured on control and DLC-coated Ti disks for 3 days. Real-time quantitative RT-PCR showed that all of the DLC-coated Ti disks (H = 20.9, 17.8, 13.5, 1.1, 0.8) significantly inhibited the enhancement of TRAP mRNA expression induced by sRANKL compared with control Ti disks (P < 0.01) (Fig.4A) . DLC-coated Ti disks (H = 20.9) significantly inhibited the enhancement of Cathepsin K mRNA expression induced by sRANKL compared with control Ti disks (P < 0.01) (Fig.3B) . Other DLC-coated Ti disks (H = 17.8, 13.5, 1.1, 0.8) were no significant effect, but a trend was confirmed, on the lower expression levels of Cathepsin K mRNA than control Ti (Fig.4B) . 
Discussion
At present, several methods have developed implant surface modifications to improve implant treatment [15] [16] [17] [18] [19] [20] , including antimicrobial peptide [15, 16] , RGD peptide [17, 18] and recombinant bone morphogenetic protein (BMP)-2 [19, 20] . Taking advantage of the biocompatible characteristics of the titanium surface, we also have attempted surface modifications using biomimetic DLC coated technique [11, 12] . We found that such modified surfaces enhanced the expressions of osteoblastic differentiation markers, including Runx2 and type Ⅰ collagen, in MC3T3-E1 osteoblastic cells [11] , as well as decreased the expression of osteoclastic differentiation markers and, including TRAP and Cathepsin K, and transcriptional factor NFATc1 [12] in sRANKL-treated RAW264.7 osteoclastic cells.
Thus, the main purpose of this study was to clarify the effects of control and DLC-coated Ti disks including various amount of hydrogen on osteoblast and osteoclast differentiation in vitro. Previous reports suggest the surface properties of Ti have effects on several types of cell differentiation [13, 21] . There were no significant differences in either the roughness Ra or the contact angles of ddH 2 O for surfaces among the each condition disks (Fig.2 AB) . Then osteoblast differentiation was examined using the pre-osteoblast cell line, MC3T3-E1 cells. Surprisingly, specific hydrogen amount of DLC-coated Ti enhanced typeⅠcollagen mRNA expression (Fig.3, day7 and day14) . Moreover, DLC-coated Ti disks significantly inhibited the expression of TRAP and cathepsin K mRNA, an osteoclast differentiation markers [8] (Fig. 4) in RAW264.7 osteoclastic cell line. However, Fig. 4 indicated that hydrogen amount did not affect the sRANKL-induced RAW264.7 differentiation marker expressions. This result suggested that biomimetic DLC coated is very useful for implant material, but hydrogen amount is not important for osteoclast differentiation.
Further investigations of in vivo study are required to confirm the ability for acquiring early osseointegration.
Conclusion
These results, taken together, suggested that specific hydrogen amount of DLC-coated implant could be candidates for bio-protective films to enhance osseointegration and long-term stability of dental implants.
